The Atmospheric and Environmental Research, Inc., photochemical model has been used to simulate the concentrations and time development of key trace gases in the Antarctic stratosphere before, during, and after the Airborne Antarctic Ozone Experiment (AAOE). The model includes complete gas phase photochemistry and heterogeneous reactions of C1NO 3 (g) and N205 (g) with HC1 (s) and H20 (s). Observations of long-lived species by the AAOE instruments have been used to constrain the initial conditions in our calculations. We present results from four cases illustrating the evolution of the trace gases for a range of possible initial conditions and duration of heterogeneous activity. The amount of C10 produced by heterogeneous conversion of HC1 is determined not only by the initial concentrations of NOx (NO + NO2 + NO3), N205, and C1NO 3 during winter, but also by the rate at which NOx is resupplied by photolysis of N205 and HNO3, or by transport. 
INTRODUCTION
The unusual behavior of ozone during Antarctic spring has elicited great interest from both the scientific community and the general public during the past 3 years. The decrease in ozone was first pointed out by Farman et al. [1985] from their analysis of ground-based observations by the British Antarctic Survey station at Halley Bay. Subsequent analysis of ground-based measurements at other stations [Chubachi, 1986; Bojkov, 1986 The above suggestions can now be tested in the context of the measurements by the AAOE instruments. Observations of C1NO3 in early September can shed light on the initial nitrogen oxide concentrations prior to heterogeneous processing. Measurements of column HNO3 and in situ NOY place constraints on the amount of nitric acid left in the gas phase. Analysis of HC1 and C10 observations in conjunction with photochemical models can place important constraints on the duration of heterogeneous processes. Photochemical models constrained by the above data can then be used to extrapolate the behavior of trace gases to times not covered by the AAOE, i.e., early August, October, or years before and after 1987.
We present results of four plausible, although not exhaustive, scenarios adopting different initial conditions and temporal behavior of heterogeneous reactions. Results of these scenarios bracket observations from AAOE. We will argue that comparison of our results with AAOE observations suggests that heterogeneous chemistry played an important role during most of September in 1987. Comparison of calculations and observations will also identify kinetic data and observations needed to further constrain the behavior of trace gases before and after the AAOE period, and resolve remaining uncertainties in chlorine-related theories of the Antarctic ozone hole. Section 2 presents a brief summary of the chlorine-related hypotheses of the Antarctic ozone hole phenomenon and the present knowledge of the heterogeneous mechanisms invoked by these hypotheses. The conversion of HC1 by heterogeneous chemistry and its sensitivity to the abundance of nitrogen oxides are discussed in section 3. Our modeling approach, calculations, and choice of scenarios are discussed in section 4. Results of our calculations are discussed in conjunction with AAOE observations in section 5. The main conclusions of the study are summarized in section 6.
CHLORINE HYPOTHESES AND HETEROGENEOUS

CHEMISTRY
Early attempts to explain the "ozone hole" invoked either chemical or dynamical processes. Dynamical theories have proposed a reverse circulation with upward motions during Antarctic spring to explain part of the 03 seasonal decrease [Tung et al., 1986] . The interannual trend has been attributed in these theories to a decrease in planetary wave activity and meridional transport of ozone during the last decade [Mahlman and Fe!s, 1986]. Chemical hypotheses have suggested enhanced catalytic removal of ozone due to either very high abundances of NO2 [Callis and Natarajan, 1986] 
We note that regeneration of HO2 in cycle I is assumed to occur through reaction of OH with 03. The reaction of C10 with OH could, however, compete with (2) for the high C10 and low 03 concentrations found within the Antarctic vor- In the above, the HC1 is assumed to be adsorbed into ice/liquid particles in the stratosphere . The equilibrium concentrations of the active chlorine species are determined by the balance between the formation rates given by (10) and (11) and the availability of NOx to reform C1NO3. Higher concentrations of active chlorine species can be maintained in a denitrified atmosphere. The following reaction has been suggested to suppress NOx:
Laboratory studies of (10)- (13) Rossi et al., 1987] . These results indicated that the probability of reaction per gas surface collision (reaction efficiency) for reactions (10), (11), and (13) were at most 10 -3 on sulfuric acid surfaces, while the rates required by the chlorine-related hypotheses were a factor of 10 higher. Recent laboratory measurements, however, indicate that the rates of heterogeneous reactions are extremely sensitive to the water content of the sulfuric acid aerosol [Tolbert et al., 1988b; Worsnop et al., 1988] . The heterogeneous reaction efficiencies over ice are found to be much larger than values determined over sulfuric acid surfaces. In addition, laboratory studies showed that HC1 diffuses rapidly into ice surfaces . Reactions (10)-(13) could then proceed very rapidly on the surfaces of PSCs, which are probably mostly ice or ice/nitric acid crystals [Steele et al., 1983; Toon et al., 1986] .
Existing data for heterogeneous reaction rates are summarized in Table 1 . The recent measurements indicate that heterogeneous chemistry could occur fast enough to achieve significant conversion of HC1 to C1NO 3 and active chlorine under Antarctic winter conditions. As discussed below, the final partitioning of chlorine species after simultaneous occurrence of (10)-(13) in the stratosphere can be sensitive to the relative magnitude of their rates, as well as to the initial concentrations of NOx, C1NO3, and N205. Uncertainties still remain regarding the following issues. 1. Although the rate of (10) seems fairly independent of the HC1 concentration in ice for large molar fractions (>0.01), this rate does seem to depend on HC1 concentrations at lower molar fractions Leu, 1988a] . The molar fraction of HC1 in the particles responsible for dehydration could be about 0.001, an order of magnitude smaller than typical molar fractions in the above experiments. A linear dependence of the rate of (10) on the r0olar fraction of HC1, for example, could then slow down the rate of this reaction. Determination of the time constant for processing of HC1 is particularly important, since rapid sedimentation of large PSC particles could provide a potentially important dechlorination mechanism. 2. As discussed in the next section, the amount of processed HC1 depends crucially on the supply of NOx available during this processing. If reactions (11) and (13) occur at a fast rate concurrently with (10) and (12), the available supply of NOx will be reduced, and the conversion of HC1 to active chlorine will be less efficient (see Figure 3 and accompanying discussion in the next section). Most of the experiments to date have been carried out on pure ice or ice-HC1 surfaces with molar fractions of HC1 of order 1% or larger. Tolbert et al. [1987] reported that the efficiency of (11) is substantially reduced in water/nitric acid substrates where the H20/HNO3 ratio is less than 4.5, a composition typical of type 1 PSC particles. Measurements at different molar fractions of HC1 by Leu [1988a, b] suggest that reactions (11) and (13) may be slower on HCl-ice surface than on a pure ice surface. It is thus important to obtain experimental data for the above reactions on ice-HNO3 crystals, and for different molar fractions of HC1.
CONVERSION OF HC1 BY HETEROGENEOUS CHEMISTRY
Reactions (10)-(13) will run to completion when the supply of HC1, CINO 3, or N20 5 is exhausted. Examination of the stoichiometry of reactions (10) and (12) by Wofsy et al. [1988] yielded simple relations between the concentrations of initial reactants and net products after completion of HC1 However, photolysis of N205 may not be able to maintain the supply of NO2 at the large solar zenith angles typical of the Antarctic stratosphere during winter. At the same time, the reaction efficiencies of (10) and (12) could be smaller than those of (11) and (13) for molar fractions of HC1 less than 0.01. Therefore the partitioning of chlorine species after heterogeneous processing must be examined with a detailed photochemical model.
In this section we first review the stoichiometric relations derived from reactions (10) and (12). Detailed model simulations are then presented to show that the time constants required to complete the heterogeneous processing and achieve these stoichiometric relations are determined by the rate of supply of NOx, and are thus sensitive to available solar illumination. Model results also show that adoption of fast rates for reactions (11) and (13) can decrease the amount of converted HC1 and significantly modify the derived stoichiometry. We stress that the adopted PSC scenario is not intended to reproduce any specific period during the 1987 winter-spring, but was chosen to illustrate the behavior of chlorine species under representative PSC conditions. The results below can then be used as guidelines to examine the processing by PSCs in the Arctic.
Stoichiometric Relations
We estimate that the concentration of C1NO 3 is about one third of that of HC1 prior to the onset of heterogeneous chemistry (see Figure 4 ). This C1NO 3 will quickly react with 
where we assume fast diffusion of HC1 into the ice, and evolution of C12 from the ice into the gas phase. Substantial heterogeneous conversion of HC1 requires a source of NOx. This NOx could be produced by photolysis of N205 during the winter months, as assumed above. Alternatively, NOx could be supplied by photolysis of HNO3 in September, or possibly by transport of NOx into the chemically perturbed region (CPR). In any case, the time constants for net conversion of HC1 to C10 and C1NO3 will depend on the rate at which NOx is supplied by the above processes. Detailed modeling is needed to determine how these time constants and net products of heterogeneous processing are affected by the amount of solar illumination, or by the inclusion of (11) and (13). We first consider the case where reactions (11) and (13) are neglected and assume that the adopted reaction efficiencies T for (10) and (12) (see Table 3 Heterogeneous chemistry could continue to play an important role after the initial processing described in the above calculations. Reaction (11) can reduce the initial amounts of C1NO3, while reaction (10) can retard the formation of HC1 during September. The role of these reactions during the AAOE period can be ascertained by comparison of calculations and observations. The calculations presented below will address this question. Table 4 . These cases were chosen specifically to study the sensitivity of the Antarctic chemistry to initial concentrations of nitrogen oxides prior to the 
Initial Conditions for Long-Lived Species
We utilize measurements of long-lived species from the AAOE campaign to constrain initial conditions for our model below 18 km. Profiles between 18 and 22 km, where no in situ ER-2 observations are available, are obtained by scaling The adopted initial concentration of nitric acid on July 15 is interpreted as a saturation mixing ratio of gaseous HNO 3 over PSCs. We then assume that these abundances are upper bounds for nitric acid in the gas phase during the period of the calculations (July-October). Nitric acid produced by reactions (10)-(13) is initially released in the gas phase but is immediately incorporated into the solid phase if the gaseous HNO 3 mixing ratios are equal to or larger than the adopted saturation values. Our calculations allow for loss of nitric acid through photolysis or reaction with OH. Possible release of nitric acid through particle evaporation has not been included.
The discussion in section 3 pointed out the importance of odd nitrogen (NOx + 2 x N205 + C1NO3) abundances prior to the onset of heterogeneous chemistry ( Our choice of N205 for case 1 yields complete conversion of HC1, C1NO3, and N205 to active chlorine and HNO3 for present-day conditions during July (see Figure 1) , thus placing the transition B/C (Table 2) at current levels of chlorine. This case represents the maximum levels of active chlorine available for present-day conditions. Reactions (10)-(13) are then negligible until HC1 and C1NO 3 are reformed in mid-September. The initial conditions for N20 5 in cases 2-4 place the transition A/B in Table 2 
4.3.
Temporal and Spatial Behavior of
Heterogeneous Reactions
Polar stratospheric clouds are observed to appear during June-July, starting first at high altitudes and moving to lower altitudes, finally disappearing sometime during SeptemberOctober. Although the spatial and temporal behavior of PSCs described below is not intended to reproduce conditions during 1987, our choices have incorporated general features of the observed behavior of PSCs. We treat heterogeneous chemistry as follows.
1. All heterogeneous reactions are parameterized in terms of collision frequency of gas molecules with reacting surfaces, and probability of reaction per collision. Details of the parameterization of heterogeneous reactions are discussed in Appendix A.
2. We assume for simplicity two stages for the heterogeneous chemistry.
During the first stage (July 16 to August 1 for 60øS and 70øS calculations, July 16 to August 15 for 80øS calculations), HC1 is converted to active chlorine and chlorine nitrate by (10) and (12) as discussed in section 3. We maximize heterogeneous conversion of HC1 by neglecting reactions (11) and (13) during this period of time. Heterogeneous chemistry is assumed to occur on ice particles (type 2) with a radius of 5 /xm, formed by freezing 0.5 ppmv of H20 at all altitudes. These particles may subsequently sediment, thus yielding a dehydrated stratosphere during AAOE . We note that the abundances of trace species at the end of this stage for 18 km are the same as those shown in Figures  1 and 2 
on August 1 (60øS and 70øS calculations) and August 15 (80øS calculations).
The second stage extends from August 1 (60 ø and 70øS) and 15 (80øS) until the end of October. Heterogeneous chemistry during this period converts residual C1NO3 and/or N205 to active chlorine and/or C1NO3 through reactions (11) and (13). Reformation of HC1 can be retarded by reaction (10). We consider three possibilities, bracketing the latitudinal and temporal extent of heterogeneous activity.
The first possibility, no heterogeneous activity (cases 1 and 2), addresses the question of whether heterogeneous chemistry is needed during the AAOE period. Reaction efficiencies of (10) For the second possibility, moderate PSC extent and duration (case 3), we adopt a gas-aerosol collision frequency corresponding to an average extinction coefficient for PSCs of 2 x 10 -3 km -• for the 60 ø and 70 ø cases on August 1, and of 3 x 10 -3 km -1 for the 80 ø case on August 15, at all altitudes between 12 and 22 km. We assume a particle radius of 1/xm during this period, with an average molecular weight representative of a nitric acid trihydrate crystal. The extinc-tion coefficients decrease linearly throughout the period to a zero value on days between September 1 (high altitude end) and September 15 (low altitudes), for the 60 ø and 70 ø cases. In the 80 ø calculations, complete disappearance of PSCs is assumed to occur between September 15 (high altitudes) and October 1 (low altitudes). This case could be interpreted as representing typical "thin haze" conditions for PSCs.
For the third possibility, long-lived PSCs•(case 4), we choose a collision frequency corresponding to an extinction coefficient of 2 x 10 -3 km -1 at 18 km for all latitudes. The altitude profile of the extinction coefficient is scaled with the adopted partial pressure of HNO3. We assume that these extinction coefficients are constant until October 15. Heterogeneous processing can thus occur until this date for this scenario. These conditions are suggestive of the behavior during 1987, when PSCs were observed into October by the SAM II instrument (M.P. McCormick, private communication, 1988).
Adopted reaction efficiencies for (10)-(13) are listed in Table 3 . We have simulated the possible decrease of the rate of (11) on nitric acid trihydrate crystals [Tolbert et al., 1987] by reducing this rate by a factor of 10 in case 4, thus maintaining high concentrations of C1NO3 during the AAOE measurement period.
Observational Constraints
The following sets of measurements were used to evaluate Care must be taken in comparing model results with observations for species whose characteristic time constants are larger than a few days. In these cases, the measured concentrations will reflect the history of the sampled air parcel. For example, comparison of ER-2 observations near 70 ø with model results at this latitude must take into consideration the behavior for the 60 ø and 80 ø curves. Such an approach can then indicate whether apparent discrepancies can be used to rule out specific cases, or whether they could be a result of latitude excursions.
RESULTS
We present below results of our calculations for cases 1-4 and compare them with pertinent measurements from the AAOE mission. Our simulations have indicated that calculated HC1 and C10 are particularly sensitive to assumptions about initial conditions and duration of heterogeneous chemistry. We therefore stress the comparison with measurements of these species.
Column density measurements from the NCAR and JPL infrared spectrometers onboard the DC-8 have been sorted into bins centered around 70 ø and 80øS and averaged for each day of measurements. The bars around the data points shown in the figures extend from the minimum to the maximum value in each bin. We have averaged together results from both instruments for HNO3, NO2, and C1NO3, We note that concentrations of C10 can be affected by the history of the air mass sampled. Although repartitioning within the active chlorine family (C1 + C10 + OC10 + 2 x C120 2 + HOC1) can respond to changing illumination with a time constant of at most a few hours, partitioning between chlorine nitrate and active chlorine depends on the production of NOx by HNO3 photolysis, and thus changes with a time constant of about 10-30 days for latitudes higher than 70øS. Similarly, reformation of HC1 through gas phase reac- Interannual differences in the C10 trend can be due to both differences in the amount of HNO3 left in the gas phase 
CONCLUSIONS
We have presented results of photochemical models for the Antarctic stratosphere during winter/spring, and com-.,•. 2. Complete processing of HC1 to active chlorine during July-August seems to require that the rates of the heterogeneous reactions of C1NO3 and N205 with frozen H20 on PSC particles be substantially smaller than those for the corresponding reactions with frozen HC1. Since molar concentrations of HC1 in PSC particles could be 0.1% and lower, it is important to determine the rates of reactions (10)-(13) at these low levels of HCI. It is also important to determine the above rates in solid H20-HNO 3 mixtures.
3. Changes in the existing data on C120 2 absorption cross sections and formation rates will affect the calculated concentrations of trace gases. In particular, increases in the photolysis of C120 2 and reductions in its formation rate would increase the calculated CIO in early September, and accelerate the recovery of HCI. Further studies are needed on the kinetics of C1202, particularly the formation rate at low temperatures, and determination of photolysis cross sections and photolytic products at wavelengths greater than 300 nm.
4. Photochemical modeling should also incorporate a more detailed treatment of the microphysics of aerosols and PSCs, as well as realistic estimates of the average collision frequency of gases with reacting surfaces. Such estimates can be provided by careful analysis and averaging of satellite and aircraft measurements.
5. Future photochemical modeling can profit from realistic estimates of dynamic conditions within the hole. In particular, such modeling could include possible vertical and horizontal mixing/transport, and estimates of the average illumination of ensembles of air parcels at altitudes between 12 and 24 km, and at times between July and October. similar behavior seems to occur for (12) and (13) [Leu, 1988b] . We note, however, that uncertainties in the detection of products such as HOC1 or C1NO2 preclude at present the accurate determination of the relative rates of (10)-(13) for large molar fractions of HC1.
Our calculations assume the following simplified behavior for (10)-(13).
1. The reaction efficiencies for (10) and ( 
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changes in the photolysis rate of C120 2 but will respond to changes in the formation rate. We may then expect the following changes in the calculated C10 and HC1 as a result of the reported increase/ decrease in the photolysis/formation rate of C120 2. Calculated concentrations of C10 increase by factors of 1.4-2.0 during late August to early September. At the same time, the HC1 recovery will set in earlier. As a result, calculated concentrations of C and C10 for mid-September will be reduced. We also note that, since the catalytic removal of 03 is also proportional to J2 X [C1202] [Ko et al., this issue], ozone reductions will occur at a faster rate during late August to early September.
